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The study objective was to evaluate the population pharmacokinetics and pharmacodynamics of extended-infusion piperacillin-
tazobactam in children hospitalized in an intensive care unit. Seventy-two serum samples were collected at steady state from 12
patients who received piperacillin-tazobactam at 100/12.5 mg/kg of body weight every 8 h infused over 4 h. Population pharma-
cokinetic analyses were performed using NONMEM, and Monte Carlo simulations were performed to estimate the piperacillin
pharmacokinetic profiles for dosing regimens of 80 to 100 mg/kg of the piperacillin component given every 6 to 8 h and infused
over 0.5, 3, or 4 h. The probability of target attainment (PTA) for a cumulative percentage of the dosing interval that the drug
concentration exceeds the MIC under steady-state pharmacokinetic conditions (TMIC) of >50% was calculated at MICs ranging
from 0.25 to 64 mg/liter. The mean � standard deviation (SD) age, weight, and estimated glomerular filtration rate were 5 � 3
years, 17 � 6.2 kg, and 118 � 41 ml/min/1.73 m2, respectively. A one-compartment model with zero-order input and first-order
elimination best fit the pharmacokinetic data for both drugs. Weight was significantly associated with piperacillin clearance, and
weight and sex were significantly associated with tazobactam clearance. Pharmacokinetic parameters (mean � SD) for piperacil-
lin and tazobactam were as follows: clearance, 0.22 � 0.07 and 0.19 � 0.07 liter/h/kg, respectively; volume of distribution, 0.43 �
0.16 and 0.37 � 0.14 liter/kg, respectively. All extended-infusion regimens achieved PTAs of >90% at MICs of <16 mg/liter.
Only the 3-h infusion regimens given every 6 h achieved PTAs of >90% at an MIC of 32 mg/liter. For susceptible bacterial patho-
gens, piperacillin-tazobactam doses of >80/10 mg/kg given every 8 h and infused over 4 h achieve adequate pharmacodynamic
exposures in critically ill children.

Piperacillin-tazobactam (TZP) is a broad-spectrum �-lactam–
�-lactamase inhibitor antibiotic that is commonly used in

children with suspected or documented infection. For penicillin
antibiotics like piperacillin, microbiological and clinical outcomes
are associated with the cumulative percentage of the dosing inter-
val that the drug concentration exceeds the MIC for the organ-
ism(s) under steady-state pharmacokinetic conditions (TMIC);
optimal activity is seen when the TMIC is �50% (1, 2). Prolonga-
tion of the infusion time is one strategy that has been utilized to
increase the TMIC and optimize the pharmacodynamics of TZP,
particularly for isolates with elevated MICs (1). Administration of
TZP every 8 h with an infusion time of 4 h has been well described
in adult patients (3–12). It has been demonstrated that 3.375 g
given every 8 h and infused over 4 h achieves pharmacodynamic
targets as effectively as 3.375 g given every 6 h, while it utilizes less
total drug per day, resulting in a cost reduction (9, 10). Addition-
ally, data support the improvement of clinical outcomes with ex-
tended-infusion dosing regimens compared to those achieved
with traditional dosing regimens (4, 5).

Extended-infusion TZP dosing (with a piperacillin component
of 100 mg/kg of body weight given every 8 h and infused over 4 h)
was demonstrated to be feasible in over 90% of children, but cur-
rently available pediatric data on the pharmacodynamics of ex-
tended-infusion TZP are limited to those from Monte Carlo sim-
ulations incorporating pharmacokinetic data derived from the
single or first dose of TZP infused over 0.5 h (13–16). Children
exhibit pharmacokinetic changes throughout development, and
the pharmacokinetics of drugs in children show significant differ-
ences from those in adults. Dose extrapolation from adults to

children has been shown to be associated with adverse outcomes
(17–19). While pharmacodynamic principles for many drugs can
change significantly from childhood to adulthood, antibiotics are
unique in that the target exposures for efficacy are based on the
interaction between the antibiotic and the infecting organism.
Pharmacodynamic predictors of efficacy (e.g., TMIC) for antibiot-
ics do not change from the adult to the child. While evaluations of
TZP pharmacokinetics in children are available, there are cur-
rently no published pharmacokinetic and pharmacodynamic data
from children receiving extended-infusion TZP to guide optimal
dosing on the basis of attainment of the target TMIC (14, 15, 20–
28). In addition, data regarding the population pharmacokinetics
of tazobactam in children are limited (27, 28).

The objective of this study was to determine the steady-state
population pharmacokinetics of piperacillin and tazobactam
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when administered by extended infusion in children hospitalized
in a pediatric intensive care unit (ICU). Additionally, we evaluated
the pharmacodynamics of TZP using various dosing regimens and
infusion times over a range of MICs to determine the optimal
dosing regimens in this patient population.

MATERIALS AND METHODS
Patient population. Patients 9 months to 11 years of age who were admit-
ted to a pediatric intensive care unit were eligible for the study if they were
already receiving extended-infusion TZP as part of routine care for a
suspected or proven bacterial infection. Patients had to have received at
least one prior dose to qualify for the study, and adequate vascular access
was required to obtain serum samples without additional venipuncture.
Patients with an estimated glomerular filtration rate (eGFR) of �60 ml/
min/1.73 m2, as determined by the modified Schwartz equation (29), were
excluded, as were patients receiving any form of dialysis or renal replace-
ment therapy. The study was approved by the Institutional Review Board
at Indiana University, and written informed consent was obtained from
the parent or legal guardian of each child prior to sample collection. Writ-
ten informed assent was obtained from children who were awake, cogni-
tively appropriate, and capable of understanding the assent process.

Study design and blood sampling. Dosing regimens were prescribed
by the treating physician as part of routine care. TZP was dosed at 100
mg/kg of the piperacillin component (112.5 mg/kg of total TZP) every 8 h
infused over 4 h up to a usual adult dose of 3,000 mg of the piperacillin
component and 375 mg of the tazobactam component per dose, accord-
ing to a dosing protocol approved by the Pharmacy and Therapeutics
Committee at the institution. TZP was provided in a labeled syringe by the
hospital pharmacy for each patient from a stock dilution of 112.5 mg of
TZP per ml. Blood samples were collected at steady state from an already-
present indwelling intravenous or intra-arterial catheter which was not
utilized for TZP administration. Samples were obtained from each patient
immediately prior to the study dose and at 2, 4 (end of infusion), 5, 6, and
8 h after the start of the infusion of the study dose. At each time point, 0.5
ml/kg (maximum, 5 ml) of whole blood was collected in non-anticoagu-
lant-containing (red-top) tubes. After the blood was allowed to coagulate,
samples were centrifuged, and serum samples were stored frozen at �70°C.
Serum samples were shipped on dry ice by overnight carrier to the University
of Cincinnati Academic Health Center (Cincinnati, OH) for determination of
piperacillin and tazobactam concentrations.

Piperacillin and tazobactam assay. Piperacillin and tazobactam con-
centrations were measured using a validated high-performance liquid
chromatography (HPLC) assay, as described previously (12, 30). The
standard curve for piperacillin was linear over the concentration range of
2 to 400 mg/liter (r �0.993). The within-day (n � 6) and between-day
(n � 8) coefficients of variation for control specimens spiked with pipera-
cillin were less than 8%. The standard curve for tazobactam was linear
over the concentration range of 2 to 100 mg/liter (r � 0.991). The within-
day and between-day coefficients of variation for control specimens
spiked with tazobactam ranged from 3.9% to 10.8% over the concentra-
tion range tested. The limit of quantification for both drugs was consid-
ered to be the lowest standard concentration.

Population pharmacokinetic modeling. Serum concentration-time
data for piperacillin and tazobactam from all individual patients were
analyzed simultaneously by a population compartmental pharmacoki-
netic modeling approach using NONMEM (version VII; Globomax LLC,
Ellicott City, MD, USA), as previously described (11). Pharmacokinetic
models were built separately for piperacillin and tazobactam. For both
drugs, the first-order conditional estimation method with interaction was
used. On the basis of previous publications describing piperacillin phar-
macokinetics in children, one- and two-compartment models with zero-
order input and first-order (i.e., linear) elimination were evaluated as
potential structural pharmacokinetic models for both piperacillin and
tazobactam. The interindividual variability (�) of the population
pharmacokinetic parameters was assumed to follow a log-normal dis-

tribution with a mean of zero and a variance of �2 (31). Possible
correlations among the interindividual variabilities for pharmacoki-
netic parameters in the model were examined using the OMEGA
BLOCK functionality in NONMEM.

For residual errors (ε) unexplained by the model, additive (εadd), pro-
portional (εprop), and combinational models were evaluated, and residual
error was assumed to be normally distributed with a mean of zero and a
variance of �2 (31). The best structural pharmacokinetic models with
stochastic error terms for piperacillin and tazobactam were selected on the
basis of the visual inspection of observed concentration-time plots, good-
ness-of-fit plots, individual plots of observed and individual predicted
concentration-time profiles, relative standard errors, the change in the
minimum objective function value (OFV), and the Akaike information
criterion (32). Standard errors were deemed acceptable if they were �50%
for fixed effects and �75% for random effects.

The final pharmacokinetic model was built by evaluating the effects of
covariates on the pharmacokinetic parameters of piperacillin and tazo-
bactam using stepwise forward inclusion (decrease in the OFV by 	3.84;
P � 0.05; 
2 distribution; 1 degree of freedom [df]) followed by the back-
ward elimination process (increase in the OFV by 	5.024; P � 0.025; 
2

distribution; 1 df) as previously described, with modified covariates (27).
The covariates tested included age (in years); sex; height (in centimeters);
body size descriptors, including body weight (WT; in kilograms) and
body mass index (BMI), calculated as WT (in kilograms) divided by
height (in meters) squared; and eGFR, as calculated by the modified
Schwartz equation (29). Continuous covariates (e.g., age; height; body
size descriptor, including WT and BMI; and eGFR) were centered at their
median values. The full model was constructed when all significant cova-
riates were added to the model in the stepwise forward inclusion process.
Throughout the covariate model-building process, in addition to the
model OFV, shrinkage and standard errors were used to evaluate the
interindividual variability term of the PK parameters. Acceptable stan-
dard error criteria for random and fixed effects were previously described.
Covariate models with shrinkage values of �30% were considered appro-
priate. The physiologic plausibility of the relationship between each cova-
riate and pharmacokinetic parameter in the model was evaluated as well.

The final model was evaluated by the use of goodness-of-fit plots and
individual plots of the observed and individual predicted concentration-
time profiles. The predictive accuracy of the final pharmacokinetic model
was examined by visual predictive checks (VPCs) (33). Visual predictive
checks were performed by simulating the serum concentration-time pro-
files for piperacillin and tazobactam using NONMEM (version VII;
Globomax LLC, Ellicott City, MD, USA). One thousand simulations were
conducted to create serum concentration-time profiles of piperacillin and
tazobactam for 12,000 virtual patients, using the data for all of the study
patients included in this study to build the population pharmacokinetic
model (n � 12). Curves for the 5th, 50th, and 95th percentiles of simu-
lated drug concentrations were graphed with the observed concentra-
tions. Descriptive statistics were used to summarize patient demographics
and pharmacokinetic parameters.

Monte Carlo simulations. Pharmacodynamic exposures were mod-
eled for the following TZP dosing regimens: 80/10 mg/kg every 8 h, 80/10
mg/kg every 6 h, 100/12.5 mg/kg every 8 h, and 100/12.5 mg/kg every 6 h.
Each dosing regimen was simulated as a 0.5-h infusion, a 3-h infusion
for regimens of administration every 6 h, and a 4-h infusion for regi-
mens of administration every 8 h. Monte Carlo simulations for
piperacillin were performed on the basis of our study patient charac-
teristics using NONMEM to create steady-state serum piperacillin con-
centration-time curves for 5,040 virtual patients using the final popula-
tion pharmacokinetic model per dosing regimen. All serum
concentration-time curves were simulated in 0.1-h intervals, and the
unbound serum concentrations were calculated as the simulated se-
rum drug concentrations multiplied by the unbound fraction, which
was assumed to be 0.7 for piperacillin (34). On the basis of the simu-
lated unbound serum concentration-time profiles, the probability of
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target attainment (PTA) for piperacillin was calculated for each dosing
regimen using the pharmacodynamic targets of TMICs of �50% and
100% at specific MICs ranging from 0.25 to 64 mg/liter (15, 35).

RESULTS
Patients. Twelve patients who were receiving care in the pediatric
intensive care unit at our institution participated in the study.
Table 1 shows select demographics, TZP doses, infectious indica-
tions, and any organisms isolated for each patient. The median
age, height, weight, and eGFR were 5 years (interquartile range
[IQR], 1.75, 6.5 years), 103 cm (IQR, 81.75, 109.25 cm), 17.8 kg
(IQR, 11.4, 20 kg), and 103 ml/min/1.73 m2 (IQR, 96, 111 ml/min/
1.73 m2), respectively. The patients received a mean � standard
deviation (SD) TZP dose of 112.4 mg/kg � 4.1 mg/kg and 1,903
mg � 686 mg. Patients had received a median of 5 doses (range, 2
to 11 doses) before the study dose. TZP appeared to be well toler-
ated during the study.

Population pharmacokinetic analysis. Seventy-two piperacil-
lin and tazobactam concentrations (6 samples from each of 12
patients) were included. The observed serum concentration-time
profiles of piperacillin and tazobactam were best described by a
one-compartment model with zero-order input and first-order
(linear) elimination. The model-derived pharmacokinetic param-
eters for piperacillin and tazobactam were clearance (CL) and vol-
ume of distribution (V). For piperacillin, interindividual variabil-
ity was estimated for both CL and V. The model did not support
the correlation between CL and V (change in OFV [�OFV] �
�0.783, correlation coefficient between CL and V [CL-V] �
38.8%). Residual error was best modeled by the proportional
form. For tazobactam, interindividual variability was estimated
only for CL. Addition of the interindividual variability term on V
did not significantly decrease the model OFV (�OFV � �1.601).
Also, the standard error and the shrinkage value associated with
the interindividual variability term on V were large (	100% and
	30%, respectively) (36, 37). Therefore, the interindividual vari-
ability term on V was not estimated. Residual error was best mod-
eled by the combinational form.

Covariates that significantly decreased the model OFV and in-
terindividual variability in the stepwise forward process were WT
added to piperacillin CL (�OFV � �4.517) and sex (where 1 was
used for female and 0 was used for male), followed by WT added to

tazobactam CL (�OFV � �4.402 for sex; �OFV � �7.528 for
WT). None of these covariates were removed from the models in
the backward elimination step. Therefore, the final model for pip-
eracillin (OFV � 448.641) was CL (in liters per hour) � 3.51 �
[0.0814 · (WT � 18)], and V was equal to 6.58 liters. The final
model for tazobactam (OFV � 195.425) was CL (in liters per
hour) � {3.43 · [1 � (0.285 · sex)]} � [0.0676 · (WT � 18)], and
V was equal to 5.54 liters.

Table 2 summarizes the model-estimated population pharma-
cokinetic parameters and their associated interindividual variabil-
ity for piperacillin and tazobactam. Figures 1 and 2 show basic
goodness-of-fit plots for the final population pharmacokinetic
models for piperacillin and tazobactam, respectively. For pipera-
cillin, the final model appeared to slightly underpredict the ob-
served concentrations at high observed concentrations (	130 mg/
liter). For tazobactam, few data points were notably deviated from
the line of identity near the observed tazobactam concentrations
of 5, 10, and 20 mg/liter. Overall, the goodness-of-fit plots dem-
onstrated no apparent systematic bias for the final pharmacoki-
netic models for both piperacillin and tazobactam. Visual predic-
tive checks with the 90% prediction intervals using the final
population pharmacokinetic model graphed with the observed
drug concentrations are shown in Fig. 3a and b for piperacillin and
tazobactam, respectively. On the basis of the VPC plots (Fig. 3a
and b), the final models adequately predicted the observed drug
concentrations, with most of the observed data being within the
90% prediction interval. Table 3 summarizes the values for the
piperacillin and tazobactam pharmacokinetic parameters esti-
mated by the final models.

Monte Carlo simulation. Figure 4 shows the PTA for pipera-
cillin at the pharmacodynamic targets of TMICs of �50% and
�100% for the TZP dosing regimens evaluated. At the pharma-
codynamic target of a TMIC of �50% (Fig. 4a), all simulated dos-
ing regimens achieved a PTA of 	90% at MICs of �8 mg/liter.
Only 0.5-h infusion regimens of 80 mg/kg and 100 mg/kg every 8
h did not achieve a PTA of 	90% at an MIC of 16 mg/liter. At an
MIC of 32 mg/liter, 80 to 100 mg/kg given every 6 h and infused
over 3 h achieved a PTA of 	90%.

At the pharmacodynamic target of a TMIC of 100% (Fig. 4b),
none of the regimens achieved a PTA of 	90% at an MIC of �16

TABLE 2 Final population pharmacokinetic model parameters of piperacillin and tazobactama

Parameter

Final piperacillin model Final tazobactam model

Estimate (% SE) % shrinkage Estimate (% SE) % shrinkage

�1 (liters/h) 3.51 (6.5) NA 3.43 (5.9) NA
�2 (liters) 6.58 (10.6) NA 5.54 (8.9) NA
�3 0.0814 (45.1) NA �0.285 (20.9) NA
�4 (liters/h) NA NA 0.0676 (38.6) NA

Interindividual variability (�)
�CL 17.3% (59.0) 10.3% 13.1% (52.1) 11.2%
�V 25.2% (59.1) 18.0% NA NA

Residual error (�)
�proportional 25.3% (28.7) 10.3% 27.2% (35.2) 5.8%
�additive NA NA 0.76 mg/liter (47.8) 5.8%

a The final piperacillin model was TVCL � �1 � [�3 · (WT � 18)] and TVV � �2. The final tazobactam model was TVCL � [�1 · (1 � �3 · sex)] � [�4 · (WT � 18)] and TVV � �2,
where sex is coded 1 if female and 0 otherwise, TVCL is the typical population value of clearance (in liters per hour), WT is body weight (in kilograms), and TVV is the typical
population value of the volume of distribution (in liters). NA, not applicable.
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mg/liter, and only 100 mg/kg given every 6 h and infused over 3 h
achieved a PTA of 	90% at an MIC of 8 mg/liter.

DISCUSSION

To our knowledge, this is the first study to evaluate the pharma-
cokinetics and pharmacodynamics of extended-infusion TZP in
children hospitalized in an intensive care unit. The population
pharmacokinetic model that best described the observed serum
concentration-time data for piperacillin and tazobactam was a
one-compartment model with first-order (linear) elimination.
The same population pharmacokinetic model was recently de-
scribed for adults receiving TZP by extended infusion (11), and a
one-compartment model has best described extended-infusion
pharmacokinetic data for �-lactams in adults (10, 12, 38, 39).
Previous studies have utilized one- and two-compartment models
to describe piperacillin and/or tazobactam serum concentration-
time data in pediatric patients receiving TZP by the traditional
0.5-h infusion (14, 15, 24, 27, 28, 40). However, the rate constants
for the transfer of piperacillin between the central and peripheral
compartments are rapid in young children and distribution may

be complete (or nearly complete) by the end of the 4-h infusion,
which results in a better fit with a one-compartment model (14).
Piperacillin CL was significantly associated with weight, and tazo-
bactam CL was significantly associated with weight and sex (Table
2). Female patients exhibited significantly slower tazobactam CL
than male patients, a finding that has not been previously re-
ported. The glomerular filtration rate (GFR), estimated using the
modified Schwartz equation (29), was not associated with pipera-
cillin or tazobactam CL, similar to the findings of previous studies
(14, 15). Potential explanations for this finding include the rela-
tively small sample size (n � 12), the exclusion of patients with an
eGFR of �60 ml/min/1.73 m2, or an inaccurate estimate of the
patient’s actual GFR.

Due to the extended infusion time, maximum serum concen-
trations (Cmaxs) for piperacillin and tazobactam were substan-
tially lower in the present study than in previous studies where
comparable doses were infused over 0.5 h (20, 22). The lower Cmax

is not likely to adversely impact clinical outcomes in children,
since �-lactams exhibit time-dependent bactericidal activity and
TMIC predicts outcome. It is currently unknown whether a lower

FIG 1 Goodness-of-fit plot of the final piperacillin pharmacokinetic model.
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Cmax might result in fewer adverse events. On the other hand, the
minimum serum concentrations (Cmins) at 8 h in the present
study were similar to the concentrations at 4 h in the previous
study (20). In the present study, piperacillin CL was slower and V
was larger than those in the study by Reed and colleagues (20).
They enrolled pediatric patients with suspected or proven bacte-
rial infections outside the central nervous system, but they did not
report the actual infection-related diagnoses for the patients. Dif-
ferences in CL and V may be due to physiologic changes related to
the infection, some degree of undetected renal dysfunction, or
severity of illness, since all of our patients were hospitalized in an
intensive care unit. Differences may also be related to the small
sample size and age groupings selected for this study. Piperacillin
CL was faster and V was larger in a study by Cies and colleagues,
but differences in pharmacokinetic parameters between these
studies may be due to the physiologic changes associated with
sepsis and burn injury (14). Eleven of their 13 patients were diag-
nosed with sepsis, and 3 patients were admitted with burn injury.

As patients in the ICU may be infected with less susceptible
bacteria and because the margin for error may be low, more ag-

gressive dosing for empirical therapy may be warranted to provide
adequate pharmacodynamic exposures before susceptibility data
are known. In an evaluation of 30-day mortality in children who
received TZP for the treatment of Pseudomonas aeruginosa bacte-
remia, 72% of isolates had TZP MICs of �16 mg/liter and 28%
had MICs of 32 or 64 mg/liter (41). Mortality was significantly
higher in children infected with the less susceptible strains (41). At
an MIC of 32 mg/liter, only 3-h infusions of 80 to 100 mg/kg every
6 h in our study achieved a PTA of 	90%, while none of the
regimens achieved optimal exposures at an MIC of 64 mg/liter.
Depending on the MIC distribution at an individual institution,
less aggressive empirical dosing regimens may be possible if iso-
lates with elevated MICs are infrequent. It may be appropriate to
utilize standard FDA-approved dosing regimens or decrease the
empirical extended-infusion dose after the MIC of the infecting
pathogen is known, depending on the site and severity of the in-
fection. Our data suggest equivalent exposures between tradi-
tional and extended-infusion regimens for pathogens with MICs
of �8 mg/liter. Extended-infusion regimens, including the 80-
mg/kg regimen given every 8 h, demonstrated an acceptable PTA

FIG 2 Goodness-of-fit plot of the final tazobactam pharmacokinetic model.
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(TMIC 	 50%) against isolates with slightly elevated MICs of 16
mg/liter. However, this potential for dose deescalation should be
weighed against the pharmacokinetic variability between patients
and the potential labor associated with alteration of the doses.

In addition to improved clinical outcomes, evaluations of ex-
tended-infusion TZP in adults have demonstrated a financial ben-
efit. Extended infusions allow administration of the same dose
every 8 h instead of every 6 h, thus eliminating the nursing, phar-
macy, and medication costs of 1 dose of TZP per patient on every
day of therapy. Our patients received 4-h infusions of 100/12.5
mg/kg every 8 h during this study, which is the current dosing
protocol at the Riley Hospital for Children. For stable patients
who demonstrate infection with a pathogen with an MIC of �16
mg/liter, employing a dose of 80/10 mg/kg given every 8 h and
infused over 4 h would potentially result in a cost benefit by de-
creasing the medication cost via lowering of the total daily dose.

For similar dosing regimens, the present study tended to pre-
dict PTAs higher than those predicted by previous studies (13, 14).
These differences in PTAs are likely explained by the differences in
pharmacokinetic parameters described previously. Courter and
colleagues (13) performed Monte Carlo simulations incorporat-
ing the pharmacokinetic data reported by Reed and colleagues
(20). Their simulations predicted lower PTAs across a range of
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doses, most notably, a lack of optimal exposures with 0.5-h infu-
sion regimens (13). Similarly, Cies and colleagues found PTAs for
the lowest 0.5-h infusion dose in critically ill children that were
slightly lower than those that we found in our study (14). A 4-h
infusion of 100 mg/kg every 8 h was not simulated in their study,
but it is likely that it would have achieved optimal pharmacody-
namics at 16 mg/liter, similar to our findings (14). Cies and col-
leagues reported PTAs similar to those found in our study for
various regimens in patients with febrile neutropenia (15). The
values of the pharmacokinetic parameters were similar between
the 2 studies, a finding which likely explains the comparable PTAs.
When this information is applied to clinical practice, it is impor-
tant to note that only serum concentrations were measured in
these studies, and the pharmacokinetics of TZP in tissues and at
the site of the infection are unknown. While this information may
be used to predict doses that achieve PTAs of �90% for blood-
stream infections, it is possible that target attainment is underpre-
dicted for urinary tract infections and overpredicted for more
deep-seated infections. Optimal dosing for pneumonia, abscesses,
and intra-abdominal infections may be higher than that for iso-
lated bloodstream infections caused by organisms with the same

MIC. Additionally, though our pharmacokinetic data should not
be extrapolated to nonrepresentative populations, certain infec-
tions or patient populations may require a TMIC of 	50% for
optimal bactericidal activity (15). As a result, it may be prudent to
target a higher TMIC, strengthening the argument for empirical or
directed 4-h infusion regimens in certain patient populations even
when traditionally infused doses are likely to achieve a target of a
TMIC of 50%.

Dosing simulations were performed on the basis of the phar-
macokinetics and the target pharmacodynamic parameter for
the piperacillin component only, but tazobactam pharmacokinet-
ics and pharmacodynamics should not be ignored. Adequate
amounts of the �-lactamase inhibitor are required to preserve the
activity of the �-lactam agent against organisms producing inhib-
itor-susceptible �-lactamases (42–44). The optimal pharmacody-
namic target for tazobactam against multiple �-lactamases has not
been well characterized, especially in pediatric patients, so the dos-
ing recommendations in our study are based on the findings for
the piperacillin component only. Additional studies are needed to
determine the target tazobactam pharmacodynamic parameter
for maximum inhibition for multiple common �-lactamases.

There are some limitations that should be considered when
evaluating the results of this study. The number of patients eval-
uated is relatively small (n � 12), and six samples were collected
from each patient. Seventy-two samples may not be sufficient to
provide robust estimates of pharmacokinetic parameters in a pop-
ulation of pediatric patients hospitalized in an ICU. However,
previous studies incorporated only 31 and 48 piperacillin concen-
trations into development of the population pharmacokinetic
models (14, 15). Therefore, the number of piperacillin and tazo-
bactam concentrations was greater in this study. The presence of
concomitant medications such as vasopressors, which could im-
pact the disposition of TZP, was not evaluated. The study results
may not be applicable to younger infants or older children, since
the children completing this study were 1 to 9 years of age. Under-
lying conditions were limited in our population and may not ad-
equately predict the range of possible piperacillin exposures for
patients with other underlying conditions. Monte Carlo simula-
tions for the 0.5-h and extended-infusion dosing regimens were
performed using the piperacillin pharmacokinetic parameters es-
timated using a one-compartment model. Piperacillin exhibits bi-
or triexponential pharmacokinetics when infused over 0.5 h or
less. The use of a one-compartment model to simulate dosing
regimens infused over 0.5 h may not accurately estimate the serum
concentration-time profiles for piperacillin, which may affect the
PTA data. Therefore, clinicians should exercise caution when in-
terpreting the PTA data for 0.5-h infusion regimens.

In conclusion, the pharmacokinetics of piperacillin and tazo-
bactam administered as an extended infusion to children in an
ICU differed slightly from those in previous studies infusing TZP
over 0.5 h. These differences may be due to the patient population
studied and their underlying conditions. For bacterial pathogens
with MICs of �8 mg/liter, extended-infusion dosing regimens do
not substantially improve PTA, and standard dosing regimens are
likely sufficient. However, 100/12.5 mg/kg of TZP administered as
an extended infusion every 6 to 8 h may be considered for empir-
ical or directed therapy in critically ill pediatric patients with in-
fections caused by less susceptible pathogens or if the desirable
TMIC is greater than 50%. The optimal empirical regimens will be
impacted by the typical pathogens and MIC distributions encoun-
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tered at a given institution. Prospective studies comparing out-
comes in children receiving traditional and extended-infusion
dosing regimens are needed.

ACKNOWLEDGMENTS

This study was funded by a research grant from the American Society of
Health-System Pharmacy Research and Education Foundation. Data
analysis software was provided from the Computing Resources of the
Disease and Therapeutic Response Modeling Program of the Indiana
Clinical Translational Science Institute (TR000006).

We are deeply indebted to Robert R. Bies for allowing access to the
software. We also thank Elaine Cox and Richard Speicher for their sup-
port of the study.

FUNDING INFORMATION
American Society of Health-System Pharmacists provided funding to
Lauren E. Buenger, Chad A. Knoderer, Kristen R. Nichols, and Michael B.
Kays.

The funders had no role in study design, data collection and interpreta-
tion, or the decision to submit the work for publication.

REFERENCES
1. Lodise TP, Lomaestro BM, Drusano GL. 2006. Application of antimi-

crobial pharmacodynamic concepts into clinical practice: focus on �-lac-
tam antibiotics. Pharmacotherapy 26:1320 –1332. http://dx.doi.org/10
.1592/phco.26.9.1320.

2. Craig WA. 1998. Pharmacokinetic/pharmacodynamic parameters: ratio-
nale for antibacterial dosing of mice and men. Clin Infect Dis 26:1–10.
http://dx.doi.org/10.1086/516284.

3. Patel GW, Patel N, Lat A, Trombley K, Enbawe S, Manor K, Smith R,
Lodise TP, Jr. 2009. Outcomes of extended infusion piperacillin/
tazobactam for documented Gram-negative infections. Diagn Microbiol
Infect Dis 64:236 –240. http://dx.doi.org/10.1016/j.diagmicrobio.2009.03
.002.

4. Yost RJ, Cappelletty DM. 2011. The Retrospective Cohort of Extended-
Infusion Piperacillin-Tazobactam (RECEIPT) Study: a multicenter study.
Pharmacotherapy 31:767–775. http://dx.doi.org/10.1592/phco.31.8.767.

5. Lodise TP, Jr, Lomaestro B, Drusano GL. 2007. Piperacillin-tazobactam
for Pseudomonas aeruginosa infection: clinical implications of an extended
infusion dosing strategy. Clin Infect Dis 44:357–363. http://dx.doi.org/10
.1086/510590.

6. Xamplas RC, Itokazu GS, Glowacki RC, Grasso AE, Caquelin C,
Schwartz DN. 2010. Implementation of an extended-infusion piperacil-
lin-tazobactam program at an urban teaching hospital. Am J Health Syst
Pharm 67:622– 628. http://dx.doi.org/10.2146/ajhp090447.

7. Heinrich LS, Tokumaru S, Clark NM, Garafolo J, Paek JL, Grim SA.
2011. Development and implementation of a piperacillin-tazobactam ex-
tended infusion guideline. J Pharm Pract 24:571–576. http://dx.doi.org/10
.1177/0897190011406984.

8. Reese AM, Frei CR, Burgess DS. 2005. Pharmacodynamics of intermit-
tent and continuous infusion piperacillin/tazobactam and cefepime
against extended-spectrum beta-lactamase producing organisms. Int J
Antimicrob Agents 26:114 –119. http://dx.doi.org/10.1016/j.ijantimicag
.2005.06.004.

9. Shea KM, Cheatham SC, Smith DW, Wack MF, Sowinski KM, Kays
MB. 2009. Comparative pharmacodynamics of intermittent and pro-
longed infusions of piperacillin/tazobactam using Monte Carlo simu-
lations and steady-state pharmacokinetic data from hospitalized pa-
tients. Ann Pharmacother 43:1747–1754. http://dx.doi.org/10.1345
/aph.1M304.

10. Shea KM, Cheatham SC, Wack MF, Smith DW, Sowinski KM, Kays
MB. 2009. Steady-state pharmacokinetics and pharmacodynamics of pip-
eracillin/tazobactam administered by prolonged infusion in hospitalised
patients. Int J Antimicrob Agents 34:429 – 433. http://dx.doi.org/10.1016
/j.ijantimicag.2009.07.004.

11. Chung EK, Cheatham SC, Fleming MR, Healy DP, Shea KM, Kays MB.
2015. Population pharmacokinetics and pharmacodynamics of piperacil-
lin and tazobactam administered by prolonged infusion in obese and non-

obese adults. J Clin Pharmacol 55:899 –908. http://dx.doi.org/10.1002
/jcph.505.

12. Cheatham SC, Fleming MR, Healy DP, Chung CE, Shea KM, Hum-
phrey ML, Kays MB. 2013. Steady-state pharmacokinetics and pharma-
codynamics of piperacillin and tazobactam administered by prolonged
infusion in obese patients. Int J Antimicrob Agents 41:52–56. http://dx.doi
.org/10.1016/j.ijantimicag.2012.09.004.

13. Courter JD, Kuti JL, Girotto JE, Nicolau DP. 2009. Optimizing bacte-
ricidal exposure for beta-lactams using prolonged and continuous infu-
sions in the pediatric population. Pediatr Blood Cancer 53:379 –385. http:
//dx.doi.org/10.1002/pbc.22051.

14. Cies JJ, Shankar V, Schlichting C, Kuti JL. 2014. Population pharmacoki-
netics of piperacillin/tazobactam in critically ill young children. Pediatr Infect
Dis J 33:168–173. http://dx.doi.org/10.1097/INF.0b013e3182a743c7.

15. Cies JJ, Jain J, Kuti JL. 2015. Population pharmacokinetics of the pip-
eracillin component of piperacillin/tazobactam in pediatric oncology pa-
tients with fever and neutropenia. Pediatr Blood Cancer 62:477– 482. http:
//dx.doi.org/10.1002/pbc.25287.

16. Nichols KR, Knoderer CA, Cox EG, Kays MB. 2012. System wide
implementation of the use of extended infusion piperacillin-tazobactam
dosing strategy: feasibility of utilization from a children’s hospital per-
spective. Clin Ther 34:1459 –1465. http://dx.doi.org/10.1016/j.clinthera
.2012.05.005.

17. Silverman WA, Andersen DH, Blanc WA, Crozier DN. 1956. A differ-
ence in mortality rate and incidence of kernicterus among premature in-
fants allotted to two prophylactic antibacterial regimens. Pediatrics 18:
614 – 625.

18. Sutherland JM. 1959. Fatal cardiovascular collapse in infants receiving
large amounts of chloramphenicol. AMA J Dis Child 97:761–767.

19. Kearns GJ, Abdel-Rahman SM, Alandar SW, Blowey DL, Leeder JS,
Kauffman RE. 2003. Developmental pharmacology— drug disposition,
action, and therapy in infants and children. N Engl J Med 349:1157–1167.
http://dx.doi.org/10.1056/NEJMra035092.

20. Reed MD, Goldfarb J, Yamashita TS, Lemon E, Blumer JL. 1994.
Single-dose pharmacokinetics of piperacillin and tazobactam in infants
and children. Antimicrob Agents Chemother 38:2817–2828. http://dx.doi
.org/10.1128/AAC.38.12.2817.

21. Tornoe CW, Tworzyanski JJ, Imoisili MA, Alexander JJ, Korth-Bradley
JM, Gobburu JV. 2007. Optimising piperacillin/tazobactam dosing in
paediatrics. Int J Antimicrob Agents 30:320 –324. http://dx.doi.org/10
.1016/j.ijantimicag.2007.05.014.

22. Reed MD, Stern RC, Myers CM, Klinger JD, Yamashita TS, Blumer JL.
1987. Therapeutic evaluation of piperacillin for acute pulmonary exacer-
bations in cystic fibrosis. Pediatr Pulmonol 3:101–109. http://dx.doi.org
/10.1002/ppul.1950030212.

23. Thirumoorthi MC, Asmar BI, Buckley JA, Bollinger RO, Kauffman RE,
Dajani AS. 1983. Pharmacokinetics of intravenously administered pip-
eracillin in preadolescent children. J Pediatr 102:941–946. http://dx.doi
.org/10.1016/S0022-3476(83)80030-4.

24. Wilson CB, Koup JR, Opheim KE, Adelman LA, Levy J, Stull TL,
Clausen C, Smith AL. 1982. Piperacillin pharmacokinetics in pediatric
patients. Antimicrob Agents Chemother 22:442– 447. http://dx.doi.org
/10.1128/AAC.22.3.442.

25. McCarty JM, Tilden SJ, Black P, Craft JC, Blumer J, Waring W, Halsey
NA. 1988. Comparison of piperacillin alone versus piperacillin plus to-
bramycin for treatment of respiratory infections in children with cystic
fibrosis. Pediatr Pulmonol 4:201–204. http://dx.doi.org/10.1002/ppul
.1950040403.

26. Cohen-Wolkowiez M, Watt KM, Zhou C, Bloom BT, Poindexter B,
Castro L, Gao J, Capparelli EV, Benjamin DK, Jr, Smith PB. 2014.
Developmental pharmacokinetics of piperacillin and tazobactam using
plasma and dried blood spots from infants. Antimicrob Agents Che-
mother 58:2856 –2865. http://dx.doi.org/10.1128/AAC.02139-13.

27. Li Z, Chen Y, Li Q, Cao D, Shi W, Cao Y, Wu D, Zhu Y, Wang Y, Chen
C. 2013. Population pharmacokinetics of piperacillin/tazobactam in ne-
onates and young infants. Eur J Clin Pharmacol 69:1223–1233. http://dx
.doi.org/10.1007/s00228-012-1413-4.

28. Cohen-Wolkowiez M, Benjamin DK, Jr, Ross A, James LP, Sullivan JE,
Walsh MC, Zadell A, Newman N, White NR, Kashuba AD, Ouellet D.
2012. Population pharmacokinetics of piperacillin using scavenged sam-
ples from preterm infants. Ther Drug Monit 34:312–319. http://dx.doi
.org/10.1097/FTD.0b013e3182587665.

29. Schwartz GJ, Munoz A, Schneider MF, Mak RH, Kaskel F, Warady BA,

Nichols et al.

530 aac.asm.org January 2016 Volume 60 Number 1Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1592/phco.26.9.1320
http://dx.doi.org/10.1592/phco.26.9.1320
http://dx.doi.org/10.1086/516284
http://dx.doi.org/10.1016/j.diagmicrobio.2009.03.002
http://dx.doi.org/10.1016/j.diagmicrobio.2009.03.002
http://dx.doi.org/10.1592/phco.31.8.767
http://dx.doi.org/10.1086/510590
http://dx.doi.org/10.1086/510590
http://dx.doi.org/10.2146/ajhp090447
http://dx.doi.org/10.1177/0897190011406984
http://dx.doi.org/10.1177/0897190011406984
http://dx.doi.org/10.1016/j.ijantimicag.2005.06.004
http://dx.doi.org/10.1016/j.ijantimicag.2005.06.004
http://dx.doi.org/10.1345/aph.1M304
http://dx.doi.org/10.1345/aph.1M304
http://dx.doi.org/10.1016/j.ijantimicag.2009.07.004
http://dx.doi.org/10.1016/j.ijantimicag.2009.07.004
http://dx.doi.org/10.1002/jcph.505
http://dx.doi.org/10.1002/jcph.505
http://dx.doi.org/10.1016/j.ijantimicag.2012.09.004
http://dx.doi.org/10.1016/j.ijantimicag.2012.09.004
http://dx.doi.org/10.1002/pbc.22051
http://dx.doi.org/10.1002/pbc.22051
http://dx.doi.org/10.1097/INF.0b013e3182a743c7
http://dx.doi.org/10.1002/pbc.25287
http://dx.doi.org/10.1002/pbc.25287
http://dx.doi.org/10.1016/j.clinthera.2012.05.005
http://dx.doi.org/10.1016/j.clinthera.2012.05.005
http://dx.doi.org/10.1056/NEJMra035092
http://dx.doi.org/10.1128/AAC.38.12.2817
http://dx.doi.org/10.1128/AAC.38.12.2817
http://dx.doi.org/10.1016/j.ijantimicag.2007.05.014
http://dx.doi.org/10.1016/j.ijantimicag.2007.05.014
http://dx.doi.org/10.1002/ppul.1950030212
http://dx.doi.org/10.1002/ppul.1950030212
http://dx.doi.org/10.1016/S0022-3476(83)80030-4
http://dx.doi.org/10.1016/S0022-3476(83)80030-4
http://dx.doi.org/10.1128/AAC.22.3.442
http://dx.doi.org/10.1128/AAC.22.3.442
http://dx.doi.org/10.1002/ppul.1950040403
http://dx.doi.org/10.1002/ppul.1950040403
http://dx.doi.org/10.1128/AAC.02139-13
http://dx.doi.org/10.1007/s00228-012-1413-4
http://dx.doi.org/10.1007/s00228-012-1413-4
http://dx.doi.org/10.1097/FTD.0b013e3182587665
http://dx.doi.org/10.1097/FTD.0b013e3182587665
http://aac.asm.org


Furth SL. 2009. New equations to estimate GFR in children with CKD. J Am
Soc Nephrol 20:629–637. http://dx.doi.org/10.1681/ASN.2008030287.

30. McWhinney BC, Wallis SC, Hillister T, Roberts JA, Lipman J, Ungerer
JP. 2010. Analysis of 12 beta-lactam antibiotics in human plasma by HPLC
with ultraviolet detection. J Chromatogr B Analyt Technol Biomed Life Sci
878:2039 –2043. http://dx.doi.org/10.1016/j.jchromb.2010.05.027.

31. Mould DR, Upton RN. 2012. Basic concepts in population modeling,
simulation, and model-based drug development. CPT Pharmacometrics
Syst Pharmacol 1:e6. http://dx.doi.org/10.1038/psp.2012.4.

32. Akaike H. 1974. A new look at the statistical model identification. IEEE
Trans Automatic Control 19:716 –723. http://dx.doi.org/10.1109/TAC
.1974.1100705.

33. Byon W, Smith MK, Chan P, Tortorici MA, Riley S, Dai H, Dong J,
Ruiz-Garcia A, Sweeney K, Cronenberger C. 2013. Establishing best
practices and guidance in population modeling: an experience with an
internal population pharmacokinetic analysis guidance. CPT Pharmaco-
metrics Syst Pharmacol 2:e51. http://dx.doi.org/10.1038/psp.2013.26.

34. Pfizer. 2012. Zosyn package insert. Pfizer, Philadelphia, PA.
35. Turnidge JD. 1998. The pharmacodynamics of �-lactams. Clin Infect Dis

27:10 –22. http://dx.doi.org/10.1086/514622.
36. Savic RM, Karlsson MO. 2009. Importance of shrinkage in empirical

Bayes estimates for diagnostics: problems and solutions. AAPS J 11:558 –
569. http://dx.doi.org/10.1208/s12248-009-9133-0.

37. Xu XS, Yuan M, Karlsson MO, Dunne A, Nandy P, Vermeulen A. 2012.
Shrinkage in nonlinear mixed-effects population models: quantification,
influencing factors, and impact. AAPS J 14:927–936. http://dx.doi.org/10
.1208/s12248-012-9407-9.

38. Stein GE, Kulhanek G, Smith CL, Kuti JL, Nicolau DP, Scharmen A,
Farnum C, Tran M, Kalra A, Havlichek DH. 2012. Pharmacokinetics
and Monte Carlo simulations of doripenem in patients with febrile neu-

tropenia. Ann Pharmacother 46:1281–1286. http://dx.doi.org/10.1345
/aph.1R097.

39. Cheatham SC, Shea KM, Healy DP, Humphrey ML, Fleming MR, Wack
MF, Smith DW, Sowinski KM, Kays MB. 2011. Steady-state pharmaco-
kinetics and pharmacodynamics of cefepime administered by prolonged
infusion in hospitalised patients. Int J Antimicrob Agents 37:46 –50. http:
//dx.doi.org/10.1016/j.ijantimicag.2010.08.016.

40. Delvallee M, Mazingue F, Abouchahla W, Delebarre M, Wallet F,
Courcol R, Kipnis E, Dessein R. 2013. Optimization of continuous
infusion of piperacillin-tazobactam in children with fever and neutrope-
nia. Pediatr Infect Dis J 32:962–964. http://dx.doi.org/10.1097/INF
.0b013e318298dfb8.

41. Tamma PD, Turnbull AE, Milstone AM, Hsu AJ, Carroll KC, Cosgrove
SE. 2012. Does the piperacillin minimum inhibitory concentration for
Pseudomonas aeruginosa influence clinical outcomes of children with
pseudomonal bacteremia? Clin Infect Dis 55:799 – 806. http://dx.doi.org
/10.1093/cid/cis545.

42. Strayer AH, Gilbert DH, Pivarnik P, Medeiros AA, Zinner SH, Dudley
MN. 1994. Pharmacodynamics of piperacillin alone and in combination
with tazobactam against piperacillin-resistant and -susceptible organisms
in an in vitro model of infection. Antimicrob Agents Chemother 38:2351–
2356. http://dx.doi.org/10.1128/AAC.38.10.2351.

43. Lister PD, Prevan AM, Sanders CC. 1997. Importance of beta-lactamase
inhibitor pharmacokinetics in the pharmacodynamics of inhibitor-drug
combinations: studies with piperacillin-tazobactam and piperacillin-
sulbactam. Antimicrob Agents Chemother 41:721–727.

44. Vanscoy B, Mendes RE, McCauley J, Bhavnani SM, Bulik CC, Oku-
sanya OO, Forrest A, Jones RN, Friedrich LV, Steeenbergen JN, Am-
brose PG. 2013. Pharmacological basis of �-lactamase inhibitor therapeu-
tics: tazobactam in combination with ceftolozane. Antimicrob Agents
Chemother 57:5924 –5930. http://dx.doi.org/10.1128/AAC.00656-13.

Extended-Infusion Piperacillin-Tazobactam in Children

January 2016 Volume 60 Number 1 aac.asm.org 531Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1681/ASN.2008030287
http://dx.doi.org/10.1016/j.jchromb.2010.05.027
http://dx.doi.org/10.1038/psp.2012.4
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1109/TAC.1974.1100705
http://dx.doi.org/10.1038/psp.2013.26
http://dx.doi.org/10.1086/514622
http://dx.doi.org/10.1208/s12248-009-9133-0
http://dx.doi.org/10.1208/s12248-012-9407-9
http://dx.doi.org/10.1208/s12248-012-9407-9
http://dx.doi.org/10.1345/aph.1R097
http://dx.doi.org/10.1345/aph.1R097
http://dx.doi.org/10.1016/j.ijantimicag.2010.08.016
http://dx.doi.org/10.1016/j.ijantimicag.2010.08.016
http://dx.doi.org/10.1097/INF.0b013e318298dfb8
http://dx.doi.org/10.1097/INF.0b013e318298dfb8
http://dx.doi.org/10.1093/cid/cis545
http://dx.doi.org/10.1093/cid/cis545
http://dx.doi.org/10.1128/AAC.38.10.2351
http://dx.doi.org/10.1128/AAC.00656-13
http://aac.asm.org

	MATERIALS AND METHODS
	Patient population.
	Study design and blood sampling.
	Piperacillin and tazobactam assay.
	Population pharmacokinetic modeling.
	Monte Carlo simulations.

	RESULTS
	Patients.
	Population pharmacokinetic analysis.
	Monte Carlo simulation.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

